In order to gain insight into sensory processing modulating reproductive behavioral and endocrine changes, we have aimed at identifying afferent pathways to neurons synthesizing luteinizing hormone-releasing hormone (LHRH, also known as gonadotropin-releasing hormone [GnRH]), a key neurohormone of reproduction. Injection of conditional pseudorabies virus into the brain of an LHRH::CRE mouse line led to the identification of neuronal networks connected to LHRH neurons. Remarkably, and in contrast to established notions on the nature of LHRH neuronal inputs, our data identify major olfactory projection pathways originating from a discrete population of olfactory sensory neurons but fail to document any synaptic connectivity with the vomeronasal system. Accordingly, chemosensory modulation of LHRH neuronal activity and mating behavior are dramatically impaired in absence of olfactory function, while they appear unaffected in mouse mutants lacking vomeronasal signaling. Further visualization of afferents to LHRH neurons across the brain offers a unique opportunity to uncover complex polysynaptic circuits modulating reproduction and fertility.
Introduction
To ensure reproductive success, animals have evolved sensory and behavioral strategies to identify suitable mating partners. In many animal species, chemical cues called pheromones carry species-and genderspecific information required for mating. Detection of pheromones triggers the activation of likely hardwired brain circuits, which leads to stereotyped changes in the behavioral and endocrine state of the animal. What are the neuronal circuits involved in the processing of the pheromonal information? How is the information resulting from the activation of defined sets of pheromone receptors translated into specific behavioral and physiological outputs?
Surgical removal of olfactory structures have broadly assigned the role of the main olfactory system to the sense of smell, resulting in the detection of a large variety of volatile odorants, while the vomeronasal system is thought to mediate the detection of most gender and species-specific cues involved in the control of mating and aggressive behavior (Dulac and Torello, 2003) . Down-*Correspondence: dulac@fas.harvard.edu stream effectors of the pheromone signals reside within the hypothalamus, in central control areas of reproductive and defensive behaviors Winans, 1981a, 1981b; Petrovich et al., 2001 ). The hypothalamus is an essential integrator of internal and environmental cues, ensuring the homeostasis of the organism, the coordination of visceral functions, and the initiation of genetically preprogrammed behaviors such as feeding, defense, and reproduction. Thus, specific changes in hypothalamic activity orchestrate both the long-lasting endocrine changes and the short-term behavioral effects elicited by pheromones.
Neurons that synthesize and secrete the decapeptide, luteinizing hormone-releasing hormone (LHRH), also known as gonadotropin-releasing hormone (GnRH), integrate and control peripheral and central aspects of reproduction including the onset of puberty (Silverman et al., 1994; Sisk and Foster, 2004 ). In the mouse, LHRH is produced by a small and diffuse population of neurons scattered in the rostral hypothalamus and medial preoptic area (MPOA) and in the basal forebrain, including the septum and diagonal band of Broca (Wu et al., 1997) . LHRH secretion into the hypophyseal portal vasculature regulates the synthesis and secretion of the luteinizing hormone (LH) and the follicular-stimulating hormone (FSH) by the anterior pituitary gland ( Figure  1A ). LH and FSH, in turn, control the development and the function of the male and female gonads and the release of steroids into the bloodstream. Steroids coordinate the development of sexual traits and organs and act centrally on brain structures to modulate LHRH secretion to facilitate sexual behavior. In addition to its role as a neurohormone, LHRH is detected in axonal projections in the amygdala and the midbrain, where it is thought to act directly as a neurotransmitter facilitating sexual receptivity and mating behavior (Merchen- (A) LHRH neurons constitute a central node for the control of reproduction and fertility. LHRH neurons, in green, integrate internal and external information, such as the animal developmental state, the detection of chemosensory and somatosensory cues, the circadian clock, the level of stress, and the body energy status. LHRH is released in the medial eminence into the portal vein to direct gonadotropin (LH and FSH) synthesis and release from the anterior pituitary gland. LH and FSH in turn control gonadal development and function and steroid hormone synthesis and release. Sex steroids from the gonads promote secondary sexual traits and regulate LHRH neuronal activity through positive and negative feedback loops, for example during the estrus cycle of females. In addition, steroids facilitate social and reproductive behaviors by acting directly on central neural circuits. Subsets of LHRH neurons project directly within the brain where they regulate sexual receptivity and mating behaviors. (B) LHRH neurons are activated by exposure to pheromones. In situ hybridization for LHRH and immunohistochemistry for phosphorylated MAPK were performed. Top: alkaline phosphatase reaction shows cytoplasmic labeling for LHRH transcripts in blue and nuclear DAB reaction for phosphorylated MAPK in brown. In this picture, a neuron expresses only LHRH (white arrowhead) while the other displays LHRH and phosphorylated MAPK double labeling (black arrowhead). Bottom: in male mice, exposure to female urine significantly increased the percentage of LHRH neurons expressing phosphorylated MAPK (right bar, 23% ± 4%) compared to exposure to water (left bar, 11% ± 3%) (p < 0.025 independent sampled t test). (C) Recombinant PRV strains, PRV152 and Ba2001, and transgenic line used in our study. PRV152 expresses GFP under the control of the central effectors in the hypothalamus. Strikingly, our study failed to document any anatomical or functional connectivity between LHRH-expressing neurons and structures of the vomeronasal pathway, thus contradicting the established notion that VNO activity exerts a direct influence on LHRH neuronal activity and, in turn, on the endocrine control of reproduction. Instead, our data reveal the existence of other sensory inputs, including a major projection pathway from the primary olfactory cortex originating from a circumscribed population of olfactory sensory neurons in the main olfactory epithelium (MOE) and uncover the severe reproductive defects of animals lacking MOE function.
Results

Experimental Design
Chemosensory inputs have been reported in a number of rodent species to modulate the activity of LHRHexpressing neurons (Coquelin et al., 1984; Richardson et al., 2004) . In an initial step, we wished to confirm earlier reports in the mouse and monitored the increase of MAP kinase phosphorylation in LHRH-expressing neurons of adult male mice in response to female pheromones present in urine. Identification of LHRH-positive and LHRH/MAPK-P double-labeled cells ( Figure  1B) showed a significant increase in the percentage of LHRH neurons expressing MAPK-P after exposure to urine (23% ± 4%, n = 637, LHRH-positive neurons monitored in eight independent animals) compared to exposure to water (11% ± 3%, n = 409, LHRH-positive neurons monitored in six independent animals; p < 0.025 independent sampled t test), thus providing support to earlier studies.
Attenuated strains of pseudorabies virus (PRV), an α herpes virus, can be used as self-amplifying tracers of neural circuitry. Derivatives of the attenuated PRV strain Bartha retain the ability to infect neurons but are selectively neuroinvasive from postsynaptic to presynaptic neurons (retrograde spread only) through polysynaptic circuits (Jansen et al., 1993) . Anterograde infection (spread from presynaptic to postsynaptic neuron) has never been observed with Bartha strains of PRV (Enquist and Card, 2003). In our study, we used the Bartha recombinants PRV152 and Ba2001 ( Figure 1C These controls let us conclude with confidence that the CRE recombinase transgene is faithfully transcribed in LHRH neurons and that the CRE transgene product is functional and efficient. Accordingly, stereotaxic injection of Ba2001 into the brain of the LHRH:: CRE line led to viral infection and spread through polysynaptic circuits in the brain, as revealed by anti-GFP immunofluorescence (see results below), whereas no signal was ever detected in control virus injections into the brain of wild-type C57BL/J6 mice. LHRH-expressing neurons form a small and diffuse population of around 800 cells scattered in the mouse over a large area of the medial hypothalamus and basal forebrain (Wu et al., 1997) . Our viral injection procedure was optimized to infect a large (1/4 to 1/3) fraction of the endogenous LHRH neuronal population (see details in the Supplemental Data available with this article online). The temporal spread of the virus through neuronal circuits is determined by the number of crossed synapses, the density of connections, the amount of available virus, and the nature of the infected neurons including their resistance to viral cytopathic effect (Card et al., 1999) . In addition, Bartha-infected animals will die of their infection after 7 to 8 days in our experimental conditions, providing an upper limit to the experimental time course. Although the viral pathogenesis is not fully understood, it is likely that PRV-infected animals die from a global response to infection reflecting the combination of inflammatory cytokines and other factors produced in response to infection (Brittle et al., 2004) . Importantly, the lethal process does not depend on the type of neuron or the circuit infected (Enquist and Card, 2003) .
Local Septal and Hypothalamic Afferents to LHRH Neurons
At an early time point after viral injection (day 2) GFP immunoreactivity was detected in restricted areas of the hypothalamus, including the medial preoptic area (MPOA) and the medial septum (MS) where the injection was performed (abbreviations used for the nomenclature of brain areas are indicated in Table S1 ). In addition, we observed strong labeling in the LS, the arcuate nucleus (Arc), the suprachiasmatic nucleus ( Rather unexpectedly, and in striking contrast to the robust spread of Ba2001 infection along the olfactory pathways, we consistently failed to observe any GFP-labeled cell in any structure of the vomeronasal pathway from a large cohort of 20 infected animals representing both sexes and 4 time points of the virus infection. These included the posteromedial cortical (PMCN) and medial nuclei of the amygdala (Me), the BNSTp, the AOB, and the VNO.
Stereotaxic injections of the nonconditional Bartha strain PRV152 along identical coordinates revealed GFP-labeled afferents among all relay stations of the olfactory and vomeronasal pathways (Figure 4 ). This finding is critical, as it removes the possibility that vomeronasal neurons are not permissive for PRV infection. In particular, in agreement with published tracing experiments from similar injection sites, we could readily detect GFP-expressing neurons in the Me and PMCN, the BNSTp, and also in the AOB and the VNO. Thus, in contrast to widely accepted conclusions resulting from retrograde and anterograde tracing between anatomically defined brain structures, LHRH cell-specific tracing suggests that LHRH neurons do not receive any synaptic inputs from the vomeronasal pathway, while neighboring neurons in the MPOA and MS do.
Functional Studies Substantiate Major Olfactory and Negligible Vomeronasal Inputs to LHRH Neurons and to the Control of Mating Behavior
The absence of anatomical connections observed between the vomeronasal pathway and LHRH-expressing neurons implies a lack of functional relationship between the two neuronal populations. Alternatively, the 1996) enabled us a direct assessment of the efficiency and specificity of the procedure. In agreement with published reports, we observed a severe destruction of the MOE neuronal layer and MOB glomerular layer in animals treated with dichlobenil when compared to controls, while vomeronasal structures remained intact (Figures 5A-5F ). In subsequent experiments, sexually inexperienced adult C57BL/J6 males were injected with dichlobenil according to the same procedure, and a systematic assessment of MOE destruction was performed in treated animals by in situ hybridization of MOE sections with OMP antisense RNA probes.
In order to evaluate the contribution of the main olfactory system in the control of reproduction, we monitored the behavior of adult OCNC-KO, MOE-lesioned, and control males when put in the presence of sexually receptive females. Each male was tested multiple times with different females in each trial. In contrast to wild- type and MOE-intact animals, OCNC-KO and MOElesioned males displayed little interest toward females, resulting in dramatic reduction in the time spent investigating females and in the number of mounting attempts ( Figures 5G and 5H) . Thus, although not previously documented, it appears that MOE activity plays an essential role in eliciting male mating behavior with females.
We also investigated the respective roles of MOE and VNO inputs in modulating LHRH neuronal function. As a measure of LHRH neuronal activation, we monitored the increase of MAP kinase phosphorylation in LHRH neurons of MOE-deficient and TRPC2-KO males in response to female urine or to control water. Analysis was performed by exposing adult MOE-deficient and TRPC2-KO males to female urine or water as described previously. Analysis of brain sections from cohort of olfactory-deficient mice showed no significant difference in the ratio of LHRH-positive, MAPK-P-positive neurons in animals exposed to water (33.3% ± 5% from an account of 216 LHRH-positive neurons) or to female urine (27.3% ± 5% from 348 neurons after exposure to female odor; Figure 5I , left panel). Each animal was confirmed postmortem by OMP in situ hybridization to have more than 80% of the MOE destroyed after dichlobenil injection. In contrast, in VNO-deficient TRPC2-KO mice, the percentages of LHRH-positive, MAPK-P-positive neurons in animals exposed to female odor were 43.7% ± 4% from an account of 808 LHRH-positive neurons and 29.5% ± 4% from 953 neurons after exposure to water ( Figure 5I, right panel) . Remarkably, the 13% increase 
Discussion
Neuropeptides expressed in control centers of the hypothalamus are key regulators of homeostatic and behavioral processes, such as sleep, feeding, and reproduction. One of these peptides, the LHRH, is produced by a small and dispersed population of neurons in the medial hypothalamus and forebrain and has been the subject of intense investigation for its essential role in orchestrating central and peripheral aspects of reproduction. The existence of such a circumscribed and molecularly defined neuronal population offered a unique opportunity to genetically uncover the various components of afferent neuronal circuits participating in the control of reproduction and fertility across the whole brain. This in turn should enable us to gain direct insights into the processing of relevant sensory and nonsensory inputs leading to reproductive behaviors and endocrine changes.
The LHRH Wiring Diagram across the Mouse Brain
Cell-specific retrograde tracing of afferent pathways to LHRH neurons across the entire mouse brain shows lesion and TRPC2-KO mice. In mice with MOE ablation, exposure to female urine did not significantly increase the percentage of LHRH neurons expressing phosphorylated MAPK (27.3% ± 5%) compared to exposure to water (33.3% ± 5%) (p = 0.43, independent sampled t test). In contrast, TRPC2-KO mice had higher level of LHRH neurons positive for phosphorylated MAPK when they are exposed to female urine (43.7% ± 4%) than when they are exposed to water (29.5% ± 4%) (p < 0.02).
that LHRH neurons are embedded within an extraordinarily complex neuronal network, which integrates information from all major hypothalamic subdivisions, and from specific areas of the brain stem, limbic system, basal ganglia, and motor and sensory cortex. Based on the anatomical tracing of neural circuits controlling motivated behavior, Swanson (2000) proposed a wiring diagram classifying the various types of inputs received by the behavior control column of the hypothalamus. In accord with this model, our data show that afferents to LHRH neurons, which are part of the socalled neuroendocrine secretomotor system (Swanson, 2000) , fit into three categories: sensory afferents that mediate reflex behavior, cortical projections that mediate cognition and voluntary behavior, and intrahypothalamic and brain stem connections that reflect the animal internal behavioral state.
We visualized brain stem projections, as well as extensive local intrahypothalamic circuitry, from the Arc, the SCN, and other hypothalamic regions thought to provide information about the animal internal state such as the circadian period, stress, nutrition, and steroid levels. The Vomeronasal System Is Not Part of the LHRH Afferent Network A unique aspect of our study was the direct visualization of the pattern of sensory projections to LHRH neurons. Our results point to major afferents from the main olfactory system and the somatosensory systems, at 
Virus Preparation
Virus was produced (3 × 10 8 pfu/ml) as described (DeFalco et al., 2001) and stored at −80°C before use. A fresh stock of virus was thawed and sonicated using a cup sonicator (10 pulses for a total of 10 s at an amplitude of 80%) before each injection. 
Stereotaxic Injection of Virus
Animal Exposure to Female Odor
Fourteen male C57BL/J6 mice (The Jackson Laboratory) and 15 male TRPC2-KO mice, 7-9 weeks of age, were individually housed for over a week and habituated with a Q-tip swapped with water for one day before the experiment. Control mice were exposed to a new Q-tip swapped with 100 l of water, and experimental mice were exposed for 10 to 15 min to 100 l of urine freshly collected. Urine was collected from three different adult C57BL/J6 females in separate cages. Experimental animals were perfused with 4% paraformaldehyde in PBS. Brains were postfixed, washed, and embedded in Tissue-Tek OCT compound (Sakura). Seventeen micrometer coronal cryosections of brains were prepared and double LHRH in situ hybridization and anti-MAPK-P immunocytochemistry was performed (details of procedures and reagents can be found in the Supplemental Data).
Chemical Ablation of the Olfactory Epithelium
Thirty sexually naive male C57BL/J6 mice, 7-8 weeks of age, were housed individually, from which 28 mice were given i.p. injections of dichlobenil (2,6-dichlobenzonitrile, 25 g/g body weight) in DMSO (dimethyl sulphoxide, 2 l/g body weight) and two were given i.p. injections of DMSO (2 l/g body weight) on days 0, 2, and 4. On day 7, 20 mice injected with dichlobenil were used to evaluate the activation of LHRH neurons after exposure to female odor. Eight mice injected with dichlobenil and two mice injected with DMSO were used for the behavioral test. MOE tissues of these mice were dissected out following each experiment and in situ hybridization with an OMP antisense RNA probe was performed. The levels of chemical lesion in the MOE tissues were evaluated based on OMP expression and used for further analysis.
Behavioral Assays
Four OCNC-KO (OCNC knockout hemizygous crossed to LHRH:: CRE transgenic line) and four control male mice (LHRH::CRE transgenic line), 2 to 4 months of age, were each housed in an individual cage with a C57BL/J6 female for a week before the test. Three hours before the experiment, females were removed from the cage. A sexually receptive C57BL/J6 female was introduced into the male home cage and behavior was recorded for 20 min. This test was repeated twice with two different females. ANOVA test was performed with Statistica and data were presented as mean ± SEM.
Similar behavioral assay was performed with ten sexually naive C57BL/J6 males, eight injected with dichlobenil and two injected with DMSO. Twenty minute behavior tests were repeated three times with three different females. The level of MOE lesion was assessed by three independent blind observers. Four animals with more than 40% of the MOE intact were used as controls and six animals with more severely disrupted MOEs were used as experimental animals. 
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